Abstract-It has been recognized that the sympathetic nervous system is activated in pulmonary arterial hypertension (PAH), and abnormal sympathetic hyperactivity leads to worsening of PAH via endothelial dysfunction. The purpose of this study was to examine whether sympathetic ganglion block (SGB) can treat PAH by increasing the availability of nitric oxide (NO). PAH was induced in rats by 50 mg/kg of subcutaneous monocrotaline. After 2 weeks, daily injections of ropivacaine into the left superior cervical ganglion were repeated for 14 days (monocrotaline-SGB group). Monocrotaline group received sham SGB with saline, whereas control group received saline instead of monocrotaline. PAH was evident in monocrotaline group, with right ventricular systolic pressures (47±4 mm Hg) that were higher than those of controls (17±2 mm Hg), whereas SGB significantly attenuated monocrotalineinduced PAH (35±4 mm Hg). The right/left ventricular mass ratios exhibited similar changes to those seen with right ventricular pressures. Heart rate variability showed significantly higher sympathetic activity in the monocrotaline group. Microscopy revealed a higher proportion of muscular arteries with thicker medial walls in the monocrotaline group, which was attenuated by SGB. Monocrotaline induced arginase hyperactivity, which was in turn decreased by SGB-induced endothelial NO synthase activation. SGB restored monocrotaline-induced hypoactivity of superoxide dismutase. In conclusion, SGB could suppress PAH and the remodeling of pulmonary arteries via inactivation of arginase and reciprocal elevation of NO bioavailability, thus attenuating disproportionate hyperactivation of the have been reported to attenuate the severity of symptoms and slow the progression of cardiovascular diseases including coronary artery disease, heart failure, and arrhythmias. According to the previous reports, there is a possibility that direct sympathetic nerve blocks are effective in patients with myocardial ischemia or systemic hypertension. 17, 19 Given the relationship between sympathetic nervous system hyperactivity and endothelial dysfunction in patients with PAH, blockade of sympathetic hyperactivity may improve vascular reactivity by preserving endothelial function. To date, however, there is limited amount of data on the therapeutic effects of sympathetic ganglion block (SGB) on PAH. The purpose of the present study is to assess the therapeutic effects of SGB in a monocrotaline-induced PAH rat model. In parallel, we investigated whether SGB could attenuate the changes in arginase and NO bioavailability, as well as oxidative stress caused by monocrotaline.
A lthough subcategories of pulmonary arterial hypertension (PAH) differ in their underlying pathogenesis, all share the common feature of progressively increased right ventricular afterload from excessive pulmonary vascular remodeling affecting all vessel layers, eventually leading to right heart failure and premature death. 1 Pulmonary vascular changes in PAH have been associated with underlying pulmonary, left ventricular, or thromboembolic diseases; however, the pathogenesis of PAH in a large proportion of patients remains largely unclear. 2 An imbalance of vasoactive mediators has been known to play an important role in the progression of PAH. 3, 4 In particular, reduced nitric oxide (NO) contributes to worsening of PAH. 5 NO is a vasoprotective molecule synthesized by endothelial NO synthase (eNOS), which is the predominant isoform of NOS. 6 NO dilates blood vessels by stimulating guanylyl cyclase and also exerts anti-inflammatory and antithrombotic effects by inhibiting leukocyte adhesion and platelet aggregation. 7 In addition to NO, arginase activity is known to be inadequately increased in PAH. 8 Arginase shares the substrate l-arginine with eNOS, resulting in competitive inhibition of eNOS and subsequent vascular endothelial dysfunction. 9 Considering the rich sympathetic nerve endings in pulmonary vasculature, 10 there is increasing awareness of right heart failure because of PAH affecting the neurohormonal system. 11 Although sympathetic overactivation could be interpreted as a result of circulatory failure from PAH, those patients showed increased sympathetic nerve traffic compared with the control group. 12 In addition, sympathetic hyperactivity has been shown to act as an independent prognostic indicator in patients with PAH, in that those with increased sympathetic activity had decreased functional capacity compared with those with normal sympathetic tone. 13 Although sympathetic activity was not always demonstrated using catecholamine levels, autonomic impairment as assessed by heart rate variability was observed in patients with PAH.
14 In addition, impaired autonomic control, as well as endothelial dysfunction, is a marker
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of cardiovascular risk. 15 The endothelium acts as a paracrine organ, secreting vasoactive mediators under neurohumoral control. 3 It has been demonstrated that autonomic nerves and the endothelium work together to maintain vascular tone, 16 creating a tonic balance between the release of vasodilating factors from the vascular endothelium and vasoconstricting factors from the sympathetic nerve terminals. Therefore, the presence of endothelial dysfunction and increased sympathetic tone create a hyperactive cycle that results in worsening of cardiovascular disease. Although to date there is not enough clinical evidence to support their use as routine therapy, sympathetic blocks 17 in conjunction with sympatholytic drugs 18 have been reported to attenuate the severity of symptoms and slow the progression of cardiovascular diseases including coronary artery disease, heart failure, and arrhythmias. According to the previous reports, there is a possibility that direct sympathetic nerve blocks are effective in patients with myocardial ischemia or systemic hypertension. 17, 19 Given the relationship between sympathetic nervous system hyperactivity and endothelial dysfunction in patients with PAH, blockade of sympathetic hyperactivity may improve vascular reactivity by preserving endothelial function. To date, however, there is limited amount of data on the therapeutic effects of sympathetic ganglion block (SGB) on PAH. The purpose of the present study is to assess the therapeutic effects of SGB in a monocrotaline-induced PAH rat model. In parallel, we investigated whether SGB could attenuate the changes in arginase and NO bioavailability, as well as oxidative stress caused by monocrotaline.
Methods
Detailed methods about animal preparation, experimental design, SGB, heart rate variability, hemodynamic analysis, right ventricular mass, pulmonary vessel morphometry, and NO (synthase)/arginase/ cGMP/oxidative stress assay are described in the online-only Data Supplement.
Results
Right Ventricular Systolic Pressure and Right Ventricular/Left Ventricular Mass Ratio
Right ventricular systolic pressure was significantly increased after monocrotaline administration compared with the control group, whereas this change was attenuated by SGB (47±4, 17±2, and 35±4 mm Hg, respectively; Figure 1A and 1B). Similarly, the right ventricular/left ventricular ratio, which was increased 1.6× in monocrotaline-treated rats compared with control rats, was markedly reduced by treatment with SGB (49±2, 26±1, and 38±2%, respectively; Figure 1C ).
Heart Rate Variability
Although total power and high frequency (HF) showed significant reductions 4 weeks after monocrotaline treatment compared with baseline and control group values, low frequency (LF) was comparable with that of the control group (Table) . The LF/HF ratio, which represents sympathovagal balance, was significantly increased in monocrotaline-treated rats compared with baseline and control group values. The monocrotaline-SGB group had a significantly lower LF/HF ratio compared with those of the monocrotaline and control groups.
NO Bioavailability and cGMP
Plasma nitrite (NO 2 -) levels were significantly reduced in monocrotaline-treated rats compared with the control and monocrotaline-SGB groups (Figure 2A ). Plasma nitrite was highest overall in the monocrotaline-SGB group. The level of cGMP of lung tissue, which was significantly decreased in the monocrotaline group compared with the control group, was restored after SGB treatment ( Figure 2B ).
eNOS and Arginase Expression
The expression of eNOS of lung tissue was significantly decreased in the monocrotaline group compared with the control group but was significantly increased in the monocrotaline-SGB group compared with the other 2 groups ( Figure 3A) .
The expression of arginase 1 of lung tissue was comparable among all 3 groups ( Figure 3B ). Arginase 2 expression of lung , whereas this effect was attenuated after sympathetic ganglion block (SGB). The RV/LV mass ratio was significantly increased in the MCT group and was decreased after SGB (C). The mass of the interventricular septum was added to the mass of the LV. *P<0.05, **P<0.01, and ***P<0.001. by guest on July 11, 2017 http://hyper.ahajournals.org/ Downloaded from tissue, however, was significantly higher in the monocrotaline group. The monocrotaline-SGB and control groups showed similar levels of expression of arginase 2.
eNOS and Arginase Activity eNOS activity of lung tissue was significantly reduced in the monocrotaline group compared with the control group, whereas it was increased in the monocrotaline-SGB group ( Figure 4A ). Arginase activity of lung tissue was significantly increased in the monocrotaline group, whereas it was significantly decreased in the monocrotaline-SGB group ( Figure 4B ).
Oxidative Stress
Monocrotaline significantly impaired superoxide dismutase (SOD) activity, which was reversed in SGB-treated rats ( Figure 5A ). In addition, malondialdehyde and nitrotyrosine levels of lung tissue were significantly increased in monocrotaline-treated rats but were normalized after SGB treatment ( Figure 5B and 5C).
Histology
Compared with the control group, monocrotaline induced significant increases in the proportions of partially muscular . Plasma nitrite measured by the Griess reagent was significantly decreased in monocrotaline (MCT)-treated rats, whereas sympathetic ganglion block (SGB) in rats with pulmonary arterial hypertension (MCT-SGB group) significantly increased plasma nitrite levels compared with the control and MCT groups. cGMP of lung tissue as a marker of nitric oxide production was significantly decreased after MCT treatment (MCT group) compared with that of the control group. This change was reversed after SGB (MCT-SGB group). *P<0.05; **P<0.01; and ***P<0.001. and muscular arteries ( Figure 6A ). The proportion of muscular arteries was higher in monocrotaline group compared with the control group (48% versus 7%), but it was decreased to 14% in SGB-treated rats. Meanwhile, decreased proportion of nonmuscular artery was restored in monocrotaline-SGB group (75% versus 25% versus 63%). SGB could attenuate monocrotaline-induced medial wall thickening of muscular pulmonary arteries corresponding to terminal bronchioles (10±1 versus 22±2 versus 11±1%; Figure 6B ). Monocrotaline also provoked significant medial thickening of the peribronchial artery ( Figure 6D ) compared with that of the control group ( Figure 6C ). SGB attenuated monocrotaline-induced medial wall thickening ( Figure 6E ).
Immunohistochemistry
The expression and localization of eNOS and arginase 2 in the pulmonary arteries were shown in Figure 7 . The expression of eNOS was reduced in the monocrotaline group and prominent in the control and monocrotaline-SGB groups, which suggests SGB-induced eNOS expression in the pulmonary vascular endothelium. In contrast, the expression of arginase 2 was prominent in the monocrotaline group but weak in the control and monocrotaline-SGB groups.
Discussion
The major finding of the present study was that direct blockade of the sympathetic ganglion suppresses arginase activity and reciprocally increases NO bioavailability, thereby attenuating right ventricular hypertrophy and pulmonary vascular remodeling induced by monocrotaline in PAH rat model. Oxidative stress associated with monocrotaline was also found to be lessened after the sympathetic block. These findings may help to explain the link between sympathetic hyperactivity and reduced NO bioavailability in cases of PAH, helping us to further understand its pathogenesis. PAH is a chronic, progressive disease with several known pathogenesis.
1 According to the current classification of this disease, the potential causes fall into 5 categories. 2 Regardless of pathogenesis, however, all of these categories share the common features of pulmonary vascular and right ventricular remodeling that result in right ventricular overload leading to right heart failure. Several mechanisms of PAH development have been suggested including an imbalance of vasoactive mediators, cell proliferation, vascular remodeling, endothelial repair, angiogenesis, inflammation, thrombosis, oxidative stress, and right ventricular hypertrophy. 20 To date, however, the pathogenesis of PAH cannot be fully explained by a single insult.
There has been increasing interest in the relationship between NO and sympathetic activity, as well as their role in the development of PAH. 10, 12, 15, 21 NO is the primary mediator of vasodilation that is released from the vascular endothelium. NO released toward the vascular lumen is a potent inhibitor of platelet aggregation 22 and exerts anti-inflammatory effects by inhibiting leukocyte adhesion to the vessel wall. 23 As demonstrated in earlier studies, leukocyte adhesion is the primary event in the development of atherosclerosis, and NO plays a protective role against atherogenesis as well as reciprocal changes in arginase levels. 24 The protective effect of NO by restoring disrupted autonomic balance was demonstrated in a myocardial ischemia and hypertension animal models via gene transfer. 25, 26 Dawson et al 25 transferred a neuronal type of NOS gene into cardiac cholinergic neurons in myocardial ischemia rat model. NOS gene transfer led to increased acetylcholine release and NOS activity in the right atrium and showed improved mortality. Based on the fact that sympathetic ganglion, especially, the stellate ganglion, plays the main role in controlling the autonomic nervous system, there was a study investigating the effect of NOS gene transfer into stellate ganglion on calcium transient. 26 NOS gene transfer into the stellate ganglion improved NOS expression and cGMP levels and reduced peak calcium transient in a hypertension rat model.
Based on these reports, the present study focused on the therapeutic effects of direct SGB in a PAH rat model. Clinical application of sympathetic blockade has been expanded to patients with hormonal imbalance, psychiatric disorders, and cardiovascular diseases, 27, 28 and previous publications have demonstrated that sympathetic blockade can be applied repeatedly without serious adverse effects. 29 We found that monocrotaline treatment led to a significant increase in LF/HF ratio indicating increased sympathovagal balance, whereas SGB attenuated this monocrotaline-induced autonomic balance change. Similar to the previous reports, 13, 25 our results also showed that sympathetic hyperactivity is involved in the pathogenesis or progression of PAH, and that the modulation of sympathetic hyperactivity may prevent development or halt the progression of PAH. Heart rate variability assesses autonomic nervous system activity by analyzing fluctuations in the RR interval on electrocardiography. 30 Similar to the result of this study, Sanyal et al 31 reported that total power and HF power were reduced in monocrotaline-treated rats, which indicates a decrease in parasympathetic activity. But LF/HF ratio, which reflects sympathetic activity tones in the heart, was comparable unlike our results. This discrepancy could result from the differences in the dose of monocrotaline (50 versus 80 mg/kg) and the time gap between monocrotaline injection and heart rate variability measurements (4 versus 7 weeks). Recent data have shown that sympathetic nerve block increases local NO release in humans. 32 There are no human or animal data, however, that examine changes in arginase activity or expression after sympathetic blockade. As we reported in this study, increased arginase activity and expression induced by monocrotaline were diminished by SGB, which may be because of increased NOS activity.
Oxygen-derived free radicals make a significant contribution to the progression of PAH. Kamezaki et al 33 found that SOD gene transfer could ameliorate the progression of PAH in a rat model. Tempol, an SOD mimetic, was also shown to have preventative effects in a hypoxia-induced PAH animal model. 34 The sympathetic nervous system is also affected by changes in oxygen-derived free radicals. For example, the effects of angiotensin II on the sympathetic nervous system are reported to be mediated by increased oxidative stress. 35 Miura et al 36 used antioxidants in a myocardial ischemia model and concluded that SOD could attenuate not only myocardial stunning but also the neural stunning of sympathetic cardiac innervation. The results of the present study showed that monocrotaline suppressed antioxidant and SOD activity, which could be reversed with SGB. This suggests that direct sympathetic nerve or ganglion blockade may be a successful treatment modality for many other cardiovascular diseases that share this common pathway of sympathetic activation and endothelial dysfunction.
Although the effect of direct SGB on cardiovascular diseases was not fully investigated in humans, electric autonomic nerve stimulation has been tried to modulate cardiovascular or neurological diseases with autonomic imbalance. 37, 38 Considering left heart failure, imbalance of cardiac autonomic activity is characterized by marked sympathetic hyperactivity and abnormally low parasympathetic level.
Although sympathetic activation provides a compensatory response to improve cardiac function in early stages, however, upregulation of sympathetic activity and parasympathetic withdrawal is known to contribute to the progression and pathogenesis of heart failure. 39 Based on autonomic imbalance in the heart failure, vagus nerve stimulation showed some beneficial effects in failing heart such as a decrease of ventricular work. 40 Along with hemodynamic effects, vagal stimulation exerted anti-inflammation and attenuation of the renin-angiotensin system. 41 Along with direct sympathetic nerve or ganglion block, parasympathetic nerve stimulation can be another modality to improve autonomic imbalance associated with cardiovascular diseases.
There are many different animal models of PAH, and the most commonly used ones are the chronic hypoxia model and the monocrotaline injury model. 42 Monocrotaline causes direct endothelial damage, which is thought to be the mechanism of PAH associated with drugs and toxins. Considering that uncontrolled sympathetic activity could be interpreted as a response to right heart circulatory failure caused by PAH regardless of its pathogenesis, there still is a possibility that SGB can be applied to all types of pulmonary hypertension. Our results suggest that a clinical trial of SGB for the treatment of PAH in humans is necessary, and the most probable human PAH subtypes that will be treatable using this method are drug/toxin-induced and infection-related cases because they share features with the monocrotaline-induced PAH animal model. Also, further application of sympathetic block in human patients with PAH will be helpful in establishing its therapeutic effect on PAH.
Perspectives
PAH is an uncommon but fatal cardiovascular disorder. Current treatment options include vasodilators, phosphodiesterase inhibitors, and endothelin receptor blockers although these have offered limited efficacy. Recently, endothelial dysfunction associated with sympathetic hyperactivity has been suggested as a potential mechanism of pathogenicity of cardiovascular disease, and various modalities, such as NOS gene transfer or electric vagal stimulation, have been attempted to restore disrupted autonomic balance in these conditions.
The present study demonstrates that direct SGB achieved by injecting local anesthetic into the superior cervical ganglion attenuated monocrotaline-induced progression of PAH in rats, likely via inhibition of arginase and oxidative stress and elevation of eNOS. Our results suggest that direct SGB can be applied as a novel therapeutic treatment modality for many cardiovascular diseases associated with endothelial dysfunction including PAH. Further studies are needed to validate the use of SGB in humans with PAH. 
